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a  b  s  t  r  a  c  t
Myogenesis  is  a highly  orchestrated,  complex  developmental  process  by which  cell  lineages  that  are
mesodermal  in  origin  generate  differentiated  multinucleate  muscle  cells  as a ﬁnal  product.  Considerable
insight  into  the  process  of  myogenesis  has  been  obtained  for the  embryonic  development  of  the  larval
muscles  of  Drosophila.  More  recently,  the  postembryonic  development  of  the muscles  of  the  adult  ﬂy has
become  a focus  of  experimental  investigation  of  myogenesis  since  speciﬁc  ﬂight  muscles  of  the  ﬂy  mani-
fest  remarkable  similarities  to vertebrate  muscles  in their  development  and organization.  In  this  review,
we catalog  some  of the milestones  in  the  study  of myogenesis  in  the  large  adult-speciﬁc  ﬂight  muscles  of
Drosophila.  The  identiﬁcation  of mesoderm-derived  muscle  stem  cell  lineages,  the  characterization  of the
symmetric  and  asymmetric  divisions  through  which  they  produce  adult-speciﬁc  myoblasts,  the multi-
faceted  processes  of myoblast  fusion,  and  the  unexpected  discovery  of quiescent  satellite  cells  that  can  bepithelial tissue
tripe
yoblast fusion
atellite cell
fh-1
activated  by injury  are  discussed.  Moreover,  the  ﬁnding  that  all  of these  processes  incorporate  a plethora
of signaling  interactions  with  other  myogenic  cells  and  with  niche-like  neighboring  tissue  is considered.
Finally,  we brieﬂy  point  out possible  future  developments  in  the area  of  Drosophila  myogenesis  that  may
lead  to of new  avenues  of  genetic  research  into  the  roles  of  muscle  stem  cells  in  development,  disease
and  aging.
© 2017  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
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such as walking, running, climbing, and ﬂying and, although there
is considerable variation, they generally make the largest contri-
bution to the body mass of most animals [1,2]. In developmental
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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aig. 1. A) Schematic showing adult ﬂy thorax with six dorsal lateral muscles innervat
FP  (anti-GFP, Green), phalloidin (marks F-actin, Red) and TOPRO-3 (Blue, marks al
erms, muscles derive from the mesoderm, a germ layer that
ogether with the ectoderm and endoderm give rise to the vari-
us tissues and organs that make up the bilaterian body. In cellular
erms, and contrasting with most other cell types, mature mus-
le cells are generally characterized by the presence of numerous
uclei. How this multinucleate syncytial organization of muscle
ells originates from mononucleate precursor cells of mesodermal
rigin (often generically referred to as “myoblasts”) during early
evelopment is a major question in muscle biology.
To address this question, developmental biologists have turned
o a number of vertebrate and invertebrate model systems. Inves-
igations carried out on one of these model systems, the fruit ﬂy
rosophila melanogaster, have been useful to understanding many
spects of organismal development, especially as concerns the
arly stages of development, and have led to the identiﬁcation
nd characterization of numerous conserved developmental con-
rol genes that operate in animal embryogenesis. Work focused on
he development of the Drosophila mesoderm and its derivatives,
otably the somatic, cardiac and visceral muscles, has resulted in
emarkable insight into the genetic mechanisms of myogenesis.
oreover together with comparative studies on the development
f vertebrate skeletal muscle, this work has uncovered conserved
olecular pathways for myogenesis and identiﬁed similar cellu-
ar processes involved in transforming mononucleate myoblastic
recursors into mature multinucleate muscle cells [2–4].
The indirect ﬂight muscles (IFMs) have many developmental
haracteristics similar to that of vertebrate muscle. The IFMs consist
f two groups of large muscles, the dorsoventral muscles (DVMs)
nd the dorsal longitudinal muscles (DLMs), which together power
he wing stroke during ﬂight (Fig. 1). We  focus on the DLMs for
uch of this report. Like vertebrate muscle cells, the multiﬁber
FMs are formed during development by the fusion of muscle stem
ell-derived myoblasts with a set of developing ﬁbres and, once
ature, manifest ‘ﬁbrillar’ organization in contrast to the tubular
rganization of other ﬂy muscles [5]. Many shared features of IFMs
nd vertebrate somatic muscle cells have made these Drosophilaotor neuron (Blue). B–D) Optical section of ﬂight muscles stained for Tropomyosin-
ei). Arrows shows position of the nuclei in the muscle syncytium.
muscles excellent models for developmental genetic investigations
of key aspects of myogenesis [6–10].
In this review, we  consider recent ﬁndings on the cellular and
molecular mechanisms involved in the development of one group
of IFMs, the DLMs focusing on mesoderm-derived muscle stem cell
lineages, the symmetric and asymmetric divisions through which
they produce myoblasts, the multifaceted processes of myoblast
fusion with template cells, and the recently discovered muscle
satellite cells. In doing so, we  embark on a journey from their meso-
dermal origins along a developmental timeline that incorporates a
plethora of signaling interactions with other myogenic cells and
with niche-like neighboring tissue to the ultimate formation of
mature muscle cells and of quiescent satellite cells, which can be
activated by injury. Finally, we  will brieﬂy point out possible future
developments in the area of Drosophila myogenesis.
2. Myogenic beginnings: from mesoderm to muscle
progenitors
Somatic myogenesis in Drosophila is a two-stage process. The
muscles of the larval stage are generated during embryogenesis
and are largely destroyed during pupal stages at metamorphosis.
By contrast, the muscles of the adult are generated de novo during
the postembryonic larval and pupal stages. Remarkably, however,
the cells of the adult musculature are related to cells of the embry-
onically generated larval muscles as members in a common lineage
that can be traced back to speciﬁed progenitor cells that arise in
speciﬁc domains of the embryonic mesoderm [11].
Formation of the mesoderm begins during early embryogenesis
through the process of gastrulation in which cells located ventrally,
that express high nuclear levels of the maternally provided Dorsal
protein, invaginate into the embryo along a ventral furrow [12]. This
initial speciﬁcation of mesodermal cells requires the activation by
Dorsal of two  zygotic genes that encode the basic helix-loop-helix
transcription factor Twist, a key regulator of mesodermal tissue for-
mation, and the transcription factor Snail. The Twist/Snail positive
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ells divide, change shape, migrate dorsolaterally and form a mono-
ayered epithelial arrangement that comes into direct contact with
he overlying ectoderm during the dorsally directed invagination
13,14].
The physical proximity of the developing mesoderm to the
ctoderm is a decisive step in early myogenesis. In subsequent
evelopment, signaling cross-talk between the two  germ lay-
rs sets up an inductive patterning process, which together with
utonomous patterning gene activity in the mesoderm itself,
hapes speciﬁc cell fates in the initially “naïve” mesoderm. Numer-
us signaling molecules from the ectoderm are known to direct
esodermal patterning [15]. Thus, secreted Decapentaplegic is
ecessary for the induction of muscle cell fates in the mesoderm
nd secreted Wingless is a prerequisite for further patterning of
hese cells, resulting in the formation of somatic and cardiac mus-
le cell lineages [16,17]. Further autonomous patterning of the
esoderm by the segmentation gene products Even-skipped and
loppy-paired results in a compartmentalized subdivision of the
esoderm into alternating sets of high and low Twist expres-
ion domains in a segmentally repeated manner. While the low
wist and high Even-skipped domains give rise to progenitors of
he cardiac and visceral muscle lineages, the high Twist and high
loppy-paired domains give rise to progenitors of the somatic
uscle lineages [17–19]. Progenitor cell formation in the high
wist/Sloppy-paired domains occurs in local equivalence groups
f cells delimited by Lethal-of-scute expression. Lateral inhibition
n the equivalence group mediated by Notch signaling results in one
ell in the group adopting a myogenic progenitor cell fate and the
emaining cells adopting the fate of fusion-competent myoblasts
20].
.1. Speciﬁcation of embryonic muscle founder cells and adult
uscle precursors
Approximately half way through embryogenesis, each of the
yogenic progenitors undergoes an asymmetric cell division that
roduces two different daughter cells. The majority of these asym-
etric cell divisions result in the generation of two muscle founder
ells, which serve as seeds for embryonic muscle formation through
usion with the surrounding fusion-competent myoblasts. In this
ase, asymmetric division of the high Twist progenitor cell pro-
uces two low Twist founder cells. Hence, embryonic muscles made
or larval life arise from fusion of low Twist mesoderm-derived
ounder cells with fusion competent myoblasts that have also lost
wist expression. However, in some cases the asymmetric progen-
tor division produces a single founder cell and an adult muscle
recursor (AMP) that has the features of an adult-speciﬁc muscle
tem cell and remains quiescent until larval life. While the founder
ell in these cases is also a low Twist cell, the AMP  continues to
xpress high levels of the mesodermal marker Twist.
Notch/Numb interactions and asymmetric cell divisions are
mportant factors in the generation of these two distinct progenitor
ibling fates, founder cell and AMP. Asymmetric segregation to the
uture founder cell of Numb, a cytosolic protein that inhibits Notch
ignaling, tilts the cell’s developmental balance towards immediate
uscle generation. In contrast, the absence of Numb in the nascent
MP  cell, and the resulting active Notch signaling, together with the
nheritance of a high Twist state, maintains the cell’s ability to avoid
 commitment to immediate muscle generation since Twist and
otch working together prevent further differentiation of AMPs
uring embryogenesis. Hence, unlike their sibling founder cells, the
MPs remain quiescent and undifferentiated, are set aside in the
mbryo, and in many cases become associated with the imaginal
iscs by the end of embryonic development [19,21–23].
During embryogenesis, numerous myoblasts (4–25 approx-
mately) fuse with each of the founder cells fuses with tolopmental Biology 72 (2017) 56–66
produce the small muscles of the embryo that will operate in
larval stages. Though the molecules for long range signaling to
attract myoblasts to the founder cells remain unknown, numer-
ous molecules required for cell fusion between founder cell and
myoblasts have been identiﬁed in this system. Notably, the require-
ment of the immunoglobulin domain-containing transmembrane
receptors Dumbfounded (in the founder cells) and Sticks-n-stones
(in the fusion-competent myoblasts) for heterophylic interactions
between the two  cell types have been well characterized [4,24–26].
Although embryonically generated larval muscles are largely
destroyed during metamorphosis, some set the stage for one aspect
of adult muscle development. Thus, in the thorax, the largest mus-
cles of the adult Drosophila,  the DLM indirect ﬂight muscles, are
generated through the use of one set of larval muscles as a persis-
tent scaffold-like template that is transformed into functional adult
muscle by numerous swarming and fusing myoblasts derived from
the high Twist AMPs. In the abdomen, the interstices of larval mus-
cles and peripheral nerves associated with larval muscles appear
to act as position-speciﬁc niches for AMPs until adult abdominal
muscle development is started during the pupal stage [6,27–29].
2.2. Adult myogenesis: making muscles to power ﬂight
The multiﬁber muscles of the adult ﬂy are not only markedly
larger than the muscles generated during embryogenesis, they also
differ signiﬁcantly in the process of their formation [21,30–33].
Adult myogenesis starts fairly early, indeed as mentioned above,
it can be traced back to the embryo where AMPs are generated.
These AMPs are mitotically quiescent myogenic precursors that are
set aside until after larval hatching. AMPs can be identiﬁed by along
the length of the embryo, and their mitotic activity during postem-
bryonic stages leads to the formation of numerous myoblasts in
all thoracic and abdominal segments. In this embryonic process,
the AMPs that produce the myoblasts for muscles required for
metameric structures of the body axis such as head, thorax and
abdomen become situated anatomically near their future adult-
speciﬁc muscle sites.
In the case of the thoracic muscles, wing imaginal disc associ-
ated myogenic precursors generate myoblasts, which form a variety
of direct and indirect ﬂight muscles involved in ﬂight control,
while leg imaginal disc associated myogenic precursors furnish
myoblasts for a diverse set of leg muscles. By contrast, the adult-
speciﬁc myogenic precursors in the abdominal segments give rise
to muscles that show more uniform fate. These differences may
indicate that an initial common program for myoblast prolifera-
tion might be followed by a subsequent divergence in myogenesis
plans to achieve segment-speciﬁc results (in this case, large mus-
cles in the thorax and small, numerous muscle in the abdomen).
Accordingly, experiments involving transplantation demonstrate
the ability of adult-speciﬁc myoblasts destined to form thoracic
muscle to contribute to abdominal muscle formation [34]. The
underlying phenomena behind this remain unaddressed but a
re-assignment of fate by local signaling and founder cells and a
conserved role of fusion molecules are likely mechanisms [1,33,35].
To date, the focus of most investigations on adult myogene-
sis research has been on thoracic ﬂight muscles, notably on those
involved in powering the wing stroke; less is known about myoge-
nesis of the abdominal muscles [36] or of the leg muscles [37,38]
or the development of the muscles of the head. Flight muscles are
categorized into the indirect ﬂight muscles that power the wing
stroke during ﬂight and direct ﬂight muscles that control the angle
of wing movements. While far less known about the development
of the direct ﬂight muscles [35] due to their small size and the
lack of markers that speciﬁcally label their developmental stages,
the development of the two  subsets of indirect ﬂight muscles, the
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fig. 2. Development of abdominal muscles. A-B) Schematic depiction of abdomina
roximity of nerves in the abdominal segment. During 18–30 APF these precurso
onsidering the presence of satellite cells in the ﬂight muscles, there is the possibi
uscle  as red cells in the ﬁgure.
orsal longitudinal muscles (DLMs) and the dorsoventral muscles
DVMs) has been described extensively [7,39,40].
Classical work has described the developmental program for the
LM indirect ﬂight muscles. Three sets of larval muscles persist
hrough histolysis during metamorphosis as larval templates for
he adult-speciﬁc DLM muscles, namely the dorsal oblique muscles
, 2, and 3. Although they show signs of partial degeneration, they
evertheless serve as a scaffold for fusion by migrating myoblasts.
yoblast fusion with these templates occurs at around 12–20 h
PF (after puparium formation). Following the fusion process, the
hree muscles then split to form a total of six DLM muscle ﬁbers
er hemisegment. The ﬁnal number of mature DLMs muscle ﬁbers
s dependent on the number of initial templates and on the split-
ing of the templates, which is directly governed by fusion of the
yoblasts. Any perturbations in either of these two components
everely affect DLM biogenesis [7,41]. Thus, fusion-competent
dult-speciﬁc myoblasts are critical for the transformation of the
ersistent larval templates into the mature DLM muscles.
Myoblast fusion is also a key event in the formation of other
uscles involved in ﬂight such as the DVM indirect ﬂight muscles
nd the direct ﬂight muscles, as well as in the formation of the adult-
peciﬁc muscles of the abdomen. However, in these cases, myoblast
usion is de novo and seeds muscle patterning without the use ofcles during pupal stages. Precursors for abdominal muscles are found in the close
liferate and fuse to form abdominal muscles. Larval muscles undergo histolysis.
similar cells in the abdominal muscles, and these have been indicated in the adult
larval templates, much like in embryonic myogenesis. Thus, the
adult-speciﬁc DVMs comprising three sets of indirect ﬂight muscles
termed DVM-I (three ﬁbers), DVM-II (two ﬁbers) and DVM-III (two
ﬁbers) are generated by fusion of AMP-derived feeder myoblasts
with Dumfounded-positive founder cells during early pupal stages;
each muscle ﬁber is seeded by the formation of a single founder
cell. After one day APF, the resulting multinuclear cells begin to
differentiate into functional myotubes and express muscle speciﬁc
MHC  [31]. Interestingly, DVM founder cells originate from leg discs
and are required to generate the correct number of ﬁbers. Genetic
ablation of these founder cells leads to supernumerary muscle phe-
notype arguing against their absolute requirement for muscle ﬁber
formation [42].
Formation of the adult-speciﬁc abdominal muscles is also de
novo and involves AMPs that are arranged in a repeated pattern
in abdominal segments A1-A8 in contact with larval nerves and
larval muscles [22,43]. Following proliferation of the precursors
in each abdominal segment, a subset of founder cells is selected
from the precursor pool and the remaining cells differentiate into
fusion-competent myoblasts that then fuse with the founder cell
to generate the multinucleate functional muscle ﬁbers (Fig. 2).
Interestingly, and in contrast to embryonic myogenesis, selection
of the founder cells for adult-speciﬁc abdominal myogenesis does
60 R.D. Gunage et al. / Seminars in Cell & Developmental Biology 72 (2017) 56–66
Fig. 3. Stages of myoblast fusion. I. migrating myoblasts are more than 50 nm distant from the myotube. II. Successful adhesion upon Duf-Sns interaction brings myoblasts
20–50 nm proximity. III. Myoblast ﬂatten on to myotube in an Arp2/3 and ELMO dependent manner to form long surface contact. IV. Branched actin polymerizing machinery
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ytoplasmic continuity. VI. Membrane remnants are removed to unite myoblast int
etters.  Similarly, the distances between fusing myoblast membrane and myotube m
ot involve Notch mediated lateral inhibition. Rather founder cell
election and maturation is mediated by the FGF receptor Heartless
nd involves an interplay of the positive FGF signaling regula-
or Heartbroken and the negative FGF signaling regulator Sprouty
36]. The autonomous identity of the mesoderm is important for
hoosing muscle founder cells in the correct segmental pattern.
he authors show this by removal of the function of Antennape-
ia,  the Hox gene expressed in the mesoderm of the third thoracic
egment. This results in the transformation of founder cells to a
econd-thoracic pattern [44].
. AMPs and imaginal discs: Epithelial signaling to
dult-speciﬁc muscle stem cellsAs mentioned above, the development of the DLM indirect ﬂight
uscles has become of particular interest. They are the largest mus-
les of Drosophila,  require fusion of hundreds of myoblasts over a
hort developmental period, and resemble vertebrate skeletal mus- pore formation. V. multiple fusion pores form at the contact surface to bridge the
tube. The genes involved in the various stages of the fusion are mentioned in black
rane from electron microscopic studies are mentioned in black letters [27].
cles in their structure [45]. A key early event in the adult-speciﬁc
development of the DLM ﬂight muscles is the close association of
mesoderm-derived AMPs and ectoderm-derived wing discs. Thus,
following their generation through asymmetric division of embry-
onic muscle progenitors, the Twist-positive AMPs are found in close
apposition to neighboring imaginal discs [1,19,33].
Recent work on the development of the DLM ﬂight muscles has
revealed new insights into the cellular and molecular myogenic
interactions between AMPs and wing imaginal discs that result in
the generation of fusion competent myoblasts [10]. In the mesotho-
racic (T2) segment, AMPs acting as adult-speciﬁc muscle stem cells
sequentially manifest two  different modes of proliferative activity
during larval stages that result in the generation of pools of post-
mitotic myoblasts for DLM formation. During both proliferation
modes, the AMPs, which retain a high Twist status, remain closely
apposed to the epithelial surface of the notum-part of the wing
imaginal disc. During early larval stages (24–48 h AEL, after egg
laying), these embryonically generated muscle stem cells manifest
 Developmental Biology 72 (2017) 56–66 61
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Table 1
The list of Gal4 drivers, lacZ lines and other ﬂy lines useful for muscle developmental
studies.
Gal4 driver/
Enhancer
elements
Tissue expression Reference
Ap Gal4 Niche-wing epithelium [51]
Mef2 Gal4 Stem and postmitotic myoblasts [52]
Pnr Gal4 Niche-wing epithelium [53]
Notch Gal4 Stem cells [54]
MHC  Gal4 Mature muscle [55]
Duf Gal4 Founder cells [56]
Sns Gal4 Postmitotic/fusion competent myoblast [57]
Delta GFP Muscle ﬁbres adult stage [58]
NRE GFP Insect satellite cells [59]
Neur-LacZ Mature muscle [60]
Sns-lacZ Postmitotic/fusion competent myoblast [57]
Duf-lacZ Founder cells [61]
Zfh-1 Gal4 Insect satellite cells [62]
Act88F gal4 Mature DLMs [63]R.D. Gunage et al. / Seminars in Cell &
 ﬁrst symmetric mode of division that serves to expand the AMP
ool. Activation of Notch signaling in the AMPs by its ligand Ser-
ate located in disc epithelium orchestrates this ﬁrst proliferative
hase.
At the onset of the last larval stage (72 h AEL), the AMPs transit
o an asymmetric, stem cell mode of cell division in which they self-
enew and at the same time generate a differentiated daughter cell,
 postmitotic myoblast. Concurrently, the epithelium of the notum
egion of the wing disc, to which the AMPs are closely apposed,
ndergoes several changes in signaling, notably an activation of
he Wnt  pathway due to a marked increase in the expression of
he ligand Wingless at this time point (72 h AEL). Activation of this
athway is both sufﬁcient and necessary to initiate the asymmet-
ic division of AMPs in the third instar stage. Wingless signaling
rom the disc induces expression of Numb in the AMP, which is
symmetrically distributed to only one of the two  daughter cells
hat result from the ensuing asymmetric division. In the daugh-
er cell that receives Numb, Notch signaling is inhibited and as a
esult this cell exits the cell cycle and differentiates as a postmitotic
yoblast. In contrast, the daughter cell that does not receive Numb
etains high levels of Notch signaling activity, maintains its muscle
tem cell fate and continues to divide in the asymmetrical mode
o form more postmitotic myoblasts resulting in a large increase in
he myoblast pool available for further DLM muscle differentiation
Fig. 3).
.1. The wing imaginal disc as a novel dynamic stem cell niche
The proximity of AMPs acting as muscle stem cells to the
ing disc epithelium acting as a stem cell niche is essential for
oth symmetrical and asymmetrical AMP  division modes. Thus,
he molecular crosstalk between mesoderm and ectoderm which
tarted early from the embryonic stages continues throughout
ostembryonic development and is critical for adult-speciﬁc myo-
enic proliferation. Indeed, since discrete groups of cells in the disc
pithelium are fated to become future muscle attachment sites
“tendon cells”, see below), the continuous close “ad-epithelial”
ontact between AMPs and disc epithelium may presage possible
oordination between muscles and tendons even before metamor-
hosis brings the two lineages together [37,46].
Given that the disc epithelium is involved in numerous
ther developmental signaling pathways such as those involving
ecapentaplegic and Hedgehog, it may  also be involved in impart-
ng regionalized identity to AMP  muscle stem cells or their progeny
nd hence contribute to differential myoblast function or muscle
ype. For example, the diverging development of direct ﬂight mus-
les versus indirect ﬂight muscles has been shown to depend on the
ifferential expression of the Cut and Vestigial transcription factors.
ingless signaling from the disc notum is crucial for this in that it
egregates the Twist positive precursor pool into a high Vestigal,
ow Cut sub-pool which contributes to indirect ﬂight muscles and
 high Cut, low Vestigial sub-pool which contributes to direct ﬂight
uscles [33].
In view of the multiple key roles of the wing disc epithelium
n signaling pathways required for muscle stem cell expansion,
roliferation, and maintenance, we consider this tissue to be a
ew dynamic-transient niche for muscle stem cells in Drosophila.
his muscle stem cell niche is comparable in functional respects
o the well-known tissue niches that regulate stem cell dynam-
cs and homeostasis in other contexts such as germline, intestine,
kin and blood [47,48]. However it differs from these in its
ynamic-transient nature. The wing disc epithelium constantly and
ramatically changes its dimensions due to the marked growth
hat occurs during larval stages. Moreover, it manifests a marked
hange in the spatial pattern of the various signaling molecules that
t expresses during development. Finally, after metamorphosis it isStripe gal4 Tendon cells [35]
P103.3 gal4 Motor neuron [64]
transformed into the dorsal structures of the adult mesothorax and
is from then on no longer available as a niche for tissue stem cells.
The novel features of this tissue stem cell-niche architecture pose
challenging questions for future studies of muscle stem cell biology
in Drosophila [49,10].
3.2. Myoblast-myotube fusion: swarming of myoblasts and a
coalition of membranes
Following the generation of a large pool of adult-speciﬁc
IFM myoblasts, the myoblasts contributing to the DLMs congre-
gate around the larval template muscles. These fusion competent
myoblasts, which initially maintain a naive state, through the
expression of Notch and Twist, then express Sns (Sticks and stones)
and Wip  (WASP interacting protein) and eventually fusion with
the larval muscle templates to generate functional indirect ﬂight
muscle. Fusion of myoblasts starts the terminal differentiation of
myoblasts. Mef2 is highly expressed in myoblasts prior to fusion
and also after fusion. Before fusion, the Him gene is known to
antagonise Mef2, thus controlling premature myosin expression.
Notch along with Him gene is involved in keeping Mef2 from act-
ing early during development, inhibiting premature differentiation
of myoblasts and besides this, Notch directly known to control Him
gene levels [50].
Myoblast fusion is a multi-step process involving migration and
adhesion to the fusion partner followed by membrane contacts
and fusion pore formation. While most of the previous work on
myoblast fusion has focused on embryonic stages, the availabil-
ity of targeted genetic access through speciﬁc Gal4 driver lines
together with development of ﬂorescent markers and RNAi based
gene knock-down techniques has brought adult ﬂight muscles into
the limelight. A list of some of the genetic driver lines currently
used to study adult ﬂight muscle development is given in Table 1.
In the past few years, a number of genetic studies using elec-
tron microscopy and ﬂuorescence microscopy have advanced our
understanding of the multiple stages of myoblast fusion in adult
Drosophila myogenesis [9,26]. Notably, visualization and analysis of
the numerous myoblasts undergoing fusion with larval templates
at around 20 h APF, the peak of fusion, has provided an excellent
opportunity to capture multiple myoblasts at various stages of the
fusion process. In the following, we describe these stages by focus-
ing primarily on recent advances in understanding DLM  indirect
ﬂight muscle fusion, compare it to the embryonic myoblast fusion,
and add a note on conserved molecular players or the processes
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here appropriate. A simpliﬁed summary scheme of some of these
evelopmental events is shown in Fig. 3.
.3. Myoblast migration: a largely unexplored territory
During embryonic myogenesis, fusion competent myoblasts
igrate over short distances to fuse with founder cells. As pre-
iously mentioned, the immunoglobulin superfamily adhesion
olecules, Dumbfounded and Sticks-n-stones are thought to be
ey elements in this short distance myoblast migration. Dumb-
ounded, which is expressed exclusively in founder cells, attracts
ticks-n-stones on FCMs (Fusion competent myoblasts) to mediate
igration. Ectopic expression of Dumbfounded is sufﬁcient to alter
he migratory behavior of embryonic fusion competent myoblasts
61].
In contrast, DLM myoblasts must migrate over relatively long
istances. The wing imaginal disc associated muscle stem cells (the
MPs discussed above) generate a semi-differentiated population
f myoblasts. After the wing disc eversion, these twist expressing
yoblasts migrate towards the larval templates by associating with
egmental nerves in the T2 segment [65]. Unlike in the embryo,
igration of adult-speciﬁc myoblasts appears to require long range
ignals as they utilize the parallelly metamorphosing nerve tracks
hrough muscle-nerve interaction [6,65]. However, the long-range
ignals that involve muscle-nerve interactions are poorly under-
tood, In addition, ﬁlopodia emanating from template myotubes
nd the adhesion molecules are shown to be crucial for local migra-
ion of myoblast after they reach the vicinity of myotubes (see
elow) [9,26,66].
Cytoskeletal remodeling has been shown to play an important
ole in embryonic myoblast migration. RNAi mediated knock-
own of Kette, a subunit of the SCAR/WAVE pathway of the
rp2/3 NPF system, resulted in the failure of myoblasts to acquire
he stereotypical teardrop shape characteristic of migrating cells.
hereas SCAR localized to the polarized part of the cell in wild-
ype myoblasts, in Kette knockdown myoblasts SCAR is distributed
hroughout the cytoplasm [67]. In adult-speciﬁc DLM myoblasts,
ntracellular mechanisms such as cytoskeletal remodeling and cell
hape changes have yet to be studied.
.4. Adhesion: ﬁlopodia in long and close range membrane
pposition
As in other forms of cellular fusion, adhesion of the membranes
f the fusing partners is an early critical step during myoblast
usion. While earlier studies in Drosophila,  like in other experimen-
al systems, were focused on understanding fusion pore formation
nd membrane merger, not much was known initially about the cel-
ular mechanisms that mediate adhesion. The molecular machinery
f adhesion is now well established in embryonic myoblast fusion
61] and the same molecular machinery appears to be conserved in
LM myoblast fusion.
Two important observations have been reported in recent DLM
yoblast fusion studies. First, an ultrastructural study of DLM
yoblast fusion has uncovered a role for adhesion in bringing
using cells into close contact with one another [26]. Second,
lopodia have been shown to emanate from the larval muscle tem-
late (myotube) surface, contact the fusion competent myoblasts,
nd facilitate the adhesion process through Dumbfounded/Sticks-
-stones interactions [66]. Thus, simultaneous knockdown of
ticks-n-stones and Hibris perturbed the adhesion process, and
yoblasts were more than 50 nm farther apart from myotubess compared to 20–30 nm in their wild type counterparts. Inter-
stingly, knockdown of elements of the molecular machinery that
enerates ﬁlopodia (Enabled and IRSP53) resulted in a phenotype
imilar to that of the Sticks-n-stones/Hibris knockdown. This obser-lopmental Biology 72 (2017) 56–66
vation is further strengthened by localization of Sticks-n-stones to
the contact sites between ﬁlopodia and myoblasts [66].
Together, these ultrastructural, immunohistochemical and
genetic studies strongly suggest that interactions between
myotube ﬁlopodia and myoblasts initiate an adhesion process that
brings myoblasts 20–30 nm close to the myotube membrane. It
might be tempting to speculate that these interactions between
myotube ﬁlopodia and fusion competent myoblasts could also
be responsible for initiating the terminal differentiation of the
myoblasts that form DLMs. However, as shown by [66], the fate
of myoblasts is not dependent on ﬁlopodia, leaving the cellular and
molecular mechanisms responsible for the myoblast fate change
elusive.
3.5. Membrane contacts and fusion pore formation
Work on embryonic myoblast fusion has shown that successful
myoblast-founder cell adhesion leads to activation of down-
stream molecules that initiate Arp2/3 dependent polymerization of
branched actin in the two  fusing cells and notably in the formation
of a prominent actin focus in the myoblast. This phenomenon has
also been shown to occur in adult-speciﬁc DLM myoblast fusion.
However, the ultrastructural features of the actin foci have been
under debate. In the embryo, the actin focus is thought to cor-
respond to actin-based invasive podosomes that extend from the
myoblast surface into the founder cell [45,68]. In contrast, in adult-
speciﬁc DLM myoblast fusion, such invasive podosomes are less
frequent although the actin foci do form [26,28]. In DLM myoblast
fusion, following their adhesion, myoblasts move closer to their
template myotube (10–20 nm)  and membranes of the myoblasts
make several distinct physical contacts along the length of the
myotube membrane. Since ultrastructural analyses indicate that
fusion pores between the two cells also form at multiple sites and
that cell–cell contacts and fusion pores coexist, it is in principle
possible that the cell–cell contacts act as the origins of the fusion
pores.
Genetic experiments suggest that the branched actin polymer-
ization machinery (Wasp, SCAR, Arp2/3, ELMO) and a MARVEL
domain containing transmembrane protein (Singles bar) are essen-
tial for the formation of cell–cell contacts and eventual fusion [26].
Moreover, despite the apparent difference in the mode of the fusion
process during embryonic and adult myogenesis, these elements
of the branched actin polymerization machinery as well as the
same membrane adhesion proteins (Sticks-n-stones, Hibris, Dumb-
founded and, Roughest) are utilized in both cases. Nevertheless,
the molecular nature of the cell–cell contacts in terms of fusion
machinery localization has not been adequately addressed. While
a previous study has shown that localization of Dumbfounded on
the myotube is nonuniform [9], it is not clear if the initiation of
polymerization of branched actin at the cell-contacts takes place
at the sites of Dumbfounded and Sticks-n-stones localization. To
address this and other possibilities, future experiments on protein
localization focused on the cell–cell contacts and nascent fusion
pores using immunogold labeling, correlative light and electron
microscopy, and super resolution technology will be important.
Currently, the nature of fusion pore formation remains one of the
major unresolved dilemmas in Drosophila myogenesis. Ultrastruc-
tural studies of embryonic myoblast fusion provide contradicting
results. An early study, using traditional chemical ﬁxation method
to preserve tissue integrity, reported that multiple pores mediate
myoblast fusion [69]. A later study, using more advanced cryo-
ﬁxation method to preserve ultrastructure, claimed that myoblast
membranes form actin-based invasive podosomes that invade the
myotube. According to this study, a single fusion pore forms at the
tip of the podosome whose expansion causes the union of both the
cells [68]. A number of other electron microscopy studies report
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Fig. 4. (A B, B’) A third instar wing imaginal disc from Notch Gal > UASmCD8:GFP larvae. Muscle stem cells are labeled with membrane GFP (Anti-GFP, green) and are
co-stained with Mef2 (Anti-Mef2, red) and TOPRO (blue) labeling all the nuclei. The orthogonal section of disc shows muscle stem cells marked with green circle. Muscle
stem  cells are in close proximity to the wing disc epithelium (denoted by E) marked by white dotted line in (B). Inset in B shows zoomed in view of the section marked by
white  square depicting two GFP positive cells co-immunolabeled with Mef2. n = 6 B’) Schematic of B showing stem cells (Green) and postmitotic myoblasts (red) on disc
epithelium (purple cells). The branched blue structure represents trachea. (C-L) Single optical section of ﬂight muscles. Flight muscles labeled with membrane-tethered GFP
(green,  anti-GFP immuno labeling), TOPRO-3 (blue) and Mef2 (anti-Mef2, red). Dotted lines mark muscle ﬁber boundaries. (D-G) GFP-labeled cell represent a satellite cell
(Notch  gal4 > UAS mCD8:GFP) in the adult stage. D is the merge showing GFP labeled cell (green, anti-GFP immunolabeling) (E) with low levels of Mef2 staining (anti-Mef2,
red)  (F) and TOPRO (blue) marks the nuclei (G) (H-K) Single Mef2 positive muscle nuclei within Phalloidin labeled muscle cell (nuclei with high levels of Mef2). H is the merge
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hat multiple fusion pores occur during embryonic myoblast fusion
70–72]. The most recent study of DLM myoblast fusion, which uti-
ized a hybrid protocol of chemical and cryoﬁxation methods, has
hown that fusion pores formed at multiple sites establish cyto-
lasmic continuity [26]. Clearly, more ultra-structural studies in
rosophila and other systems are needed to resolve the problem of
usion pore formation.
.6. Muscle attachment: stripe expression in myotendinous
unction formation
In order to differentiate fully into functional muscles, the mult-
nuclear myoﬁbers must attach to tendon cells and form a muscle
ttachment structure referred to as a myotendinous junction. In
rosophila, the adult-speciﬁc ﬂight muscle ﬁbers ﬁrst stably attach
o tendon cells and only then assemble their contractile intracel-
ular myoﬁbrils [73]. The epidermal cells that serve as attachment
ites for the DLMs are located in the notal region of the wing disc
pithelium directly adjacent to the site of adult-speciﬁc myoblast
roliferation. These prospective muscle attachment cells and their
ocation in the disc epidermis are speciﬁed by expression of
he stripe gene [27,41]. (The actual physical attachment between
he epidermal tendon cell and muscle cells at the myotendinous
unction is mediated by interactions between shared and cell
ype-speciﬁc integrin adhesion molecules during pupal stages.)
nterestingly, expression of Stripe is seen on the wing disc as early astaining (anti-Mef2, red) (J) and TOPRO (blue) marks the nuclei (K) n = 7. n = number
 showing cross section of ﬂight muscles with satellite cell adjacent to muscle ﬁber.
the third larval instar. The reason for this relatively early speciﬁca-
tion of cells that will form future insertion points for adult muscles
is not clear, but the fact that myoblasts remain in close association
with these cells during their residence on the prospective notum
suggests the possibility that instructive pattering information could
be exchanged between the myoblasts and the Stripe-expressing
prospective tendon cells.
While molecules such as Stripe, Talin and PS Integrins have
been identiﬁed as important players in myotendinous junction
formation, the ensemble of molecular mechanisms involved in for-
mation and maintenance of the attachment between muscle ﬁbers
and tendon cells remains poorly understood. To address this lack
of information, a genetic screen using stripe-Gal4 targeted RNAi
gene knockdown has been carried out [74]. This screen revealed
numerous candidate genes and subsequent developmental and
phenotypic analysis of these candidates led to the identiﬁcation of
19 novel molecules that act in the myotendinous system includ-
ing molecules involved in cell adhesion, transcriptional activity,
protein folding, intracellular transport and enzymatic function.
Among these, the endoplasmatic reticulum-to-Golgi transport pro-
tein Tango1 was shown to be essential for proper development of
tendon precursors and myotendinous junction formation.
Live imaging of myotendious junction formation in pupal
stages revealed further insight into the dynamics of tendon cell
and developing DLM interactions [73,74]. Given the experimental
accessibility of the DLM myotendinous junction during develop-
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ent and in the adult, the genome-wide availability of tagged
roteins in the Drosophila model [75] should allow an in depth anal-
sis of molecular mechanisms involved in the interactions between
uscles and tendons. This is likely to provide more general insight
nto the cell–cell interactions involved in the development of this
nd other myotendinous systems.
. Muscle satellite cells: Novel adult muscle stem cells in
rosophila
Once the myotendinous junction is formed, the appropriate
otoneuronal innervation is established, and the intracellular con-
ractile myoﬁbrils are assembled, the multinucleate ﬂight muscle
s mature, fully differentiated, and ready to play its role in ﬂight
ehavior. Remarkably, however, not all of the cells associated with
he mature DLM muscle have undergone terminal differentiation in
he adult ﬂy. Recent advances in the ﬁeld of Drosophila muscle biol-
gy have led to the discovery of satellite cells, adult-speciﬁc muscle
tem cells associated with the mature DLMs as small unfused cells
ocated at the surface of the muscle ﬁbers (Fig. 4C–L).
These satellite cells, lineal descendants of the AMPs that gener-
te the adult-speciﬁc myoblasts during development, are normally
uiescent. However, following muscle injury they undergo a Notch-
elta signaling-dependent proliferation process by which they
enerate fusion competent myoblast progeny that can fuse with
he injured ﬁber in a manner that is thought to contribute to mus-
le repair [76]. Thus, in ﬂies as in vertebrates, the muscle stem
ell lineage that generates the adult-speciﬁc muscles during nor-
al  development is also available for adult myoblast production in
uscle tissue in response to damage [77].
In contrast to the DLM muscle ﬁber cells, the satellite cells as
issue stem cells escape from terminal differentiation and retain
heir “stemness” in the uninjured adult for an indeﬁnite period.
n important role in maintaining the stem cell status of the satel-
ite cells appears to be played by the zinc ﬁnger homeodomain
ranscription factor Zfh1, which has been shown to counteract the
yogenic differentiation program [78]. During larval stages, Zfh1
s expressed in all of the AMP  lineal cells on the notum of the
ing imaginal disc, both precursors and myoblasts, and prevents
hem from acquiring fusion competence. Lineage tracing experi-
ents using the G-trace method show that these adult AMPs are
he descendants of larval muscle progenitors that maintained their
dentity through the expression of Notch and Zfh-1 and hence
emain unfused. In contrast, in the adult, Zfh1 expression is lim-
ted to the pool of unfused satellite cells and is never seen in the
ntact muscle DLM ﬁbers [76]. Indeed, expression of Zfh1 is a highly
peciﬁc marker for satellite cells in the adult. Two, long and short,
soforms of Zfh-1 are expressed in AMP  lineages. Interestingly,
hile the majority of the myoblasts express an isoform of Zfh1
hat is subject to miR-8 microRNA mediated downregulation that
llows their differentiation into myocytes in early pupal stages, the
atellite cells express a different RNA isoform of Zfh1 that cannot be
argeted by miR-8 and is, hence, maintained as a “stemness” factor
n these adult muscle stem cells [79].
In contrast, muscle progenitors at the larval stages express low
evels of mir-8 and the short isoform of Zfh-1, which lacks a binding
ite for mir-8, thereby maintaining high levels of the short isoform
nd maintaining stem cell status. Earlier study on IFM myoblast
usion suggested the role of Notch in the regulation of myoblast
ifferentiation markers such as sns and wip. Downregulation of
otch through RNAi knockdown released the suppression on Sns
nd all myoblasts express Sns. Alternatively, constitutive expres-
ion of intracellular domain of notch (NICD) completely wiped off
ns expression [9]. Together these data suggest a sequence of sig-
aling steps that Notch maintains Zfh-1 levels to maintain the stemlopmental Biology 72 (2017) 56–66
cell identity and high levels of mir-8 down regulates Zfh-1 pro-
moting them to the terminal differentiation. But the connection
between mir-8 and terminal differentiation markers such as sns
and wip  is not yet known.
5. Discussion and concluding remarks
Earlier work on myogenesis in Drosophila focused primarily on
the development of the larval musculature during embryogene-
sis. These genetic studies were highly successful in identifying the
developmental stages and the controlling genes through which
derivatives of the mesoderm are transformed into functional mus-
cle cells of larval stages [11,25]. Moreover, the ﬁndings obtained in
the Drosophila model system were useful in identifying compara-
ble developmental mechanisms and genetic control elements that
operate in vertebrate myogenesis. More recently, the availability of
sophisticated genetic and clonal methods for targeted expression
and manipulation of genes during postembryonic stages and in the
adult, have made it possible to investigate the development of the
adult musculature in the ﬂy. Notably, investigations of myogenesis
in the large multiﬁber, multinucleate DLM indirect ﬂight muscle,
which has the most similarities in developmental origin and struc-
tural organization to vertebrate somatic muscle, have generated a
wealth of novel data on muscle development.
This work has resulted in new insight into the ﬁelds of mus-
cle stem cells, stem cell niches, myogenic proliferation, cell–cell
fusion and adult tissue stem cells, many of which are likely to
be signiﬁcant for unraveling the genes and developmental genetic
pathways involved muscle development, maintenance and repair
in vertebrates as well [79,76,80]. Clearly there is still much to be
learned about adult muscle development in Drosophila. How do
myoblasts recognize and migrate to the appropriate future site
of fusion, what controls their transformation into myocytes, what
controls the intricate processes of fusion pore formation with their
templates, what are the inputs of motor neurons to muscle forma-
tion and how do hormones inﬂuence adult myogenesis? These and
other questions must await further investigation.
Currently, one of the most promising and exciting avenues for
future research has been opened up by the recent discovery of adult
muscle satellite cells in Drosophila. In vertebrates, muscle satellite
cells are known to play key roles in mediating the regenerative
responses to injury and degenerative disease and are also involved
in adult muscle growth [47]. The remarkable similarities in the
structural and functional features of vertebrate satellite cells and
the satellite cells in Drosophila are likely to provide a solid basis for
future genetic investigations of the mechanisms involved in mus-
cle damage, repair, and even disease-based degeneration using the
wealth of classical and molecular genetic tools available in powerful
genetic model system of the ﬂy. Last but not least, given the increas-
ing evidence for the age-related decline in satellite cell number and
function in humans (e.g. [81], investigations on the satellite cells
of aging ﬂies may  be useful for obtaining a more in-depth under-
standing of the causes of muscle wasting phenotypes observed in
the aging population.
References
[1] S. Roy, K. VijayRaghavan, Homeotic genes and the regulation of myoblast
migration, fusion, and ﬁbre-speciﬁc gene expression during adult myogenesis
in  Drosophila, Development 124 (1997) 3333–3341.
[2] R. Sambasivan, S. Tajbakhsh, Skeletal muscle stem cell birth and properties,
Semin. Cell Dev. Biol. 18 (2007) 870–882.
[3] S. Roy, K. VijayRaghavan, Muscle pattern diversiﬁcation in Drosophila: the
story of imaginal myogenesis, Bioessays 21 (1999) 486–498.
[4] S.M. Abmayr, G.K. Pavlath, Myoblast fusion: lessons from ﬂies and mice,
Development 139 (2012) 641–656.
[5] A.C. Crossley, Ultrastructural changes during transition of larval to adult
intersegmental muscle at metamorphosis in the blowﬂy Calliphora
 Deve
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[R.D. Gunage et al. / Seminars in Cell &
erythrocephala I. Dedifferentiation and myoblast fusion. Embryol. Exp, Morph
27 (1) (1972) 43–74.
[6] J. Fernandes, M.  Bate, K. Vijayraghavan, Development of the indirect ﬂight
muscles of Drosophila, Development 113 (1991) 67–77.
[7] S. Roy, K. VijayRaghavan, Patterning muscles using organizers: larval muscle
templates and adult myoblasts actively interact to pattern the dorsal
longitudinal ﬂight muscles of Drosophila, J. Cell Biol. 141 (1998) 1135–1145.
[8] F. Schnorrer, C. Schönbauer, C.C.H. Langer, G. Dietzl, M. Novatchkova, K.
Schernhuber, M.  Fellner, A. Azaryan, M.  Radolf, A. Stark, et al., Systematic
genetic analysis of muscle morphogenesis and function in Drosophila, Nature
464 (2010) 287–291.
[9] B. Gildor, E.D. Schejter, B.-Z. Shilo, Bidirectional Notch activation represses
fusion competence in swarming adult Drosophila myoblasts, Development
139  (2012) 4040–4050.
10] R.D. Gunage, H. Reichert, K. VijayRaghavan, Identiﬁcation of a new stem cell
population that generates Drosophila ﬂight muscles, Elife 3 (2014) 1–25.
11] K.C. Dobi, V.K. Schulman, M.K. Baylies, Speciﬁcation of the somatic
musculature in Drosophila, Wiley Interdiscip. Rev. Dev. Biol. 4 (2015)
357–375.
12] C. Thisse, F. Perrin-Schmitt, C. Stoetzel, B. Thisse, Sequence-speciﬁc
transactivation of the Drosophila twist gene by the dorsal gene product, Cell
65  (1991) 1191–1201.
13] M.  Leptin, B. Grunewald, Cell shape changes during gastrulation in
Drosophila, Development 110 (1990) 73–84.
14] M.  Bate, E. Rushton, Myogenesis and muscle patterning in Drosophila, C. R.
Acad. Sci. III. 316 (1993) 1047–1061.
15] A. Carmena, B. Murugasu-Oei, D. Menon, F. Jimenez, W.  Chia, Inscuteable and
numb mediate asymmetric muscle progenitor cell divisions during
Drosophila myogenesis, Genes Dev. 12 (1998) 304–315.
16] K. Staehling-Hampton, F.M. Hoffmann, M.K. Baylies, E. Rushton, M.  Bate, dpp
induces mesodermal gene expression in Drosophila, Nature 372 (1994)
783–786.
17] N. Azpiazu, P.A. Lawrence, J.P. Vincent, M.  Frasch, Segmentation and
speciﬁcation of the Drosophila mesoderm, Genes Dev. 10 (1996) 3183–3194.
18] N. Azpiazu, M.  Frasch, tinman and bagpipe: two  homeo box genes that
determine cell fates in the dorsal mesoderm of Drosophila, Genes Dev. 7
(1993) 1325–1340.
19] M.K. Baylies, M.  Bate, twist: a myogenic switch in Drosophila, Science 272
(1996) 1481–1484.
20] A. Carmena, M. Bate, F. Jimenez, Lethal of scute, a proneural gene, participates
in  the speciﬁcation of muscle progenitors during Drosophila embryogenesis,
Genes Dev. 9 (1995) 2373–2383.
21] M.  Bate, E. Rushton, D.A. Currie, Cells with persistent twist expression are the
embryonic precursors of adult muscles in Drosophila, Development 89 (1991)
79–89.
22] N. Figeac, T. Jagla, R. Aradhya, J.P. Da Ponte, K. Jagla, Drosophila adult muscle
precursors form a network of interconnected cells and are speciﬁed by the
rhomboid-triggered EGF pathway, Development 137 (2010) 1965–1973.
23] R. Aradhya, M.  Zmojdzian, J.P. Da Ponte, K. Jagla, Muscle niche-driven
insulin-Notch-Myc cascade reactivates dormant adult muscle precursors in
drosophila, Elife 4 (2015).
24] B.E. Richardson, S.J. Nowak, M.K. Baylies, Myoblast fusion in ﬂy and
vertebrates: new genes, new processes and new perspectives, Trafﬁc 9 (2008)
1050–1059.
25] I. Bothe, M.K. Baylies, Drosophila myogenesis, Curr. Biol. 26 (2016)
R786–R791.
26] N. Dhanyasi, D. Segal, E. Shimoni, V. Shinder, B.-Z. Shilo, K. VijayRaghavan,
E.D.  Schejter, Surface apposition and multiple cell contacts promote myoblast
fusion in Drosophila ﬂight muscles, J. Cell Biol. 211 (2015) 191–203.
27] A. Ghazi, K. Vijayraghavan, Muscle development in drosophila, Proc. Indian
natn Sci Acad B69 (No.5) (2003) 691–702.
28] P. Mukherjee, B. Gildor, B. Shilo, K. Vijayraghavan, E.D. Schejter, The actin
nucleator WASp is required for myoblast fusion during adult Drosophila
myogenesis, Development 2357 (2011) 2347–2357.
29] C. Schönbauer, J. Distler, N. Jährling, M.  Radolf, H.-U. Dodt, M.  Frasch, F.
Schnorrer, Spalt mediates an evolutionarily conserved switch to ﬁbrillar
muscle fate in insects, Nature 479 (2011) 406–409.
30] D. Currie, M.  a Bate, The development of adult abdominal muscles in
Drosophila: myoblasts express twist and are associated with nerves,
Development 113 (1991) 91–102.
31] D. Dutta, S. Anant, M. Ruiz-gomez, M.  Bate, K. Vijayraghavan, Founder
myoblasts and ﬁbre number during adult myogenesis in Drosophila,
Development (2004) 3761–3772.
32] M.  Ruiz Gómez, M.  Bate, Segregation of myogenic lineages in Drosophila
requires numb, Development 124 (1997) 4857–4866.
33] V. Sudarsan, S. Anant, P. Guptan, K. VijayRaghavan, H. Skaer, Myoblast
diversiﬁcation and ectodermal signaling in Drosophila, Dev. Cell 1 (2001)
829–839.
34] P.A. Lawrence, D.L. Brower, Myoblasts from drosophila wing disks can
contribute to developing muscles throughout the ﬂy, Nature (1982), http://dx.
doi.org/10.1038/295055a0.35] A. Ghazi, K. Vijayraghavan, Control by combinatorial codes, Nature (2000)
419–420.
36] D. Dutta, S. Shaw, T. Maqbool, H. Pandya, K. Vijayraghavan, Drosophila
Heartless acts with Heartbroken/Dof in muscle founder differentiation, PLoS
Biol. 3 (2005) e337.
[lopmental Biology 72 (2017) 56–66 65
37] C. Soler, M.  Daczewska, J.P. Da Ponte, B. Dastugue, K. Jagla, Coordinated
development of muscles and tendons of the Drosophila leg, Development 131
(2004) 6041–6051.
38] T. Maqbool, C. Soler, T. Jagla, M.  Daczewska, N. Lodha, S. Palliyil, K.
VijayRaghavan, K. Jagla, Shaping leg muscles in Drosophila: role of ladybird, a
conserved regulator of appendicular myogenesis, PLoS One 1 (2006) e122.
39] H.H. El Shatoury, J. Embryol. Exp. Morph. 4 (1956) 228.
40] S. Anant, S. Roy, K. Vijayraghavan, Twist and Notch negatively regulate adult
muscle differentiation in Drosophila, Development 1369 (1998) 1361–1369.
41] J.J. Fernandes, H. Keshishian, Patterning the dorsal longitudinal ﬂight muscles
(DLM) of Drosophila: insights from the ablation of larval scaffolds,
Development 122 (1996) 3755–3763.
42] K.B. Atreya, J.J. Fernandes, Founder cells regulate ﬁber number but not ﬁber
formation during adult myogenesis in Drosophila, Dev. Biol. 321 (2008)
123–140.
43] S. Greig, M.  Akam, Homeotic genes autonomously specify one aspect of
pattern in the Drosophila mesoderm, Nature 362 (1993) 630–632.
44] D. Dutta, M.  Umashankar, E.B. Lewis, V. Rodrigues, K. Vijayraghavan, Hox
genes regulate muscle founder cell pattern autonomously and regulate
morphogenesis through motor neurons, J. Neurogenet. 24 (2010) 95–108.
45] E.D. Schejter, Myoblast fusion: experimental systems and cellular
mechanisms, Semin. Cell Dev. Biol. 60 (2016) 112–120.
46] C. Soler, L. Laddada, K. Jagla, Coordinated development of muscles and
tendon-Like structures: early interactions in the drosophila leg, Front. Physiol.
7  (2016) 22.
47] A.S. Brack, T.a Rando, Tissue-speciﬁc stem cells: lessons from the skeletal
muscle satellite cell, Cell Stem Cell 10 (2012) 504–514.
48] D.T. Scadden, Review nice neighborhood: emerging concepts of the stem cell
niche, Cell 157 (2014) 41–50.
49] M.-L. Dequéant, D. Fagegaltier, Y. Hu, K. Spirohn, A. Simcox, G.J. Hannon, N.
Perrimon, Discovery of progenitor cell signatures by time-series
synexpression analysis during Drosophila embryonic cell immortalization,
Proc. Natl. Acad. Sci. U. S. A. 112 (2015) 12974–12979.
50] C. Soler, M.V. Taylor, The Him gene inhibits the development of Drosophila
ﬂight muscles during metamorphosis, Mech. Dev. 126 (2009) 595–603.
51] F. Martín a, G. Morata, Compartments and the control of growth in the
Drosophila wing imaginal disc, Development 133 (2006) 4421–4426.
52] G. Ranganayakulu, D.A. Elliott, R.P. Harvey, E.N. Olson, Divergent roles for
NK-2 class homeobox genes in cardiogenesis in ﬂies and mice, Dev.
Cambridge Engl. 125 (1998) 3037–3048.
53] M.  Calleja, H. Herranz, C. Estella, J. Casal, P. Lawrence, P. Simpson, G. Morata,
Generation of medial and lateral dorsal body domains by the pannier gene of
Drosophila, Development 127 (2000) 3971–3980.
54] N.S. Dey, P. Ramesh, M.  Chugh, S. Mandal, L. Mandal, Dpp dependent
Hematopoietic stem cells give rise to Hh dependent blood progenitors in
larval lymph gland of Drosophila, Elife 5 (2016) e18295.
55] A. Garcia-Lopez, L. Monferrer, I. Garcia-Alcover, M. Vicente-Crespo, M.C.
Alvarez- Abril, R.D. Artero, Genetic and chemical modiﬁers of a CUG toxicity
model in Drosophila, PLoS One 3 (2008) e1595.
56] S.D. Menon, W.  Chia, Drosophila rolling pebbles: a multidomain protein
required for myoblast fusion that recruits D-Titin in response to the myoblast
attractant Dumbfounded, Dev. Cell 1 (2001) 691–703.
57] K.S. Kocherlakota, J.M. Wu,  J. McDermott, S.M. Abmayr, Analysis of the cell
adhesion molecule sticks-and-stones reveals multiple redundant functional
domains, protein-interaction motifs and phosphorylated tyrosines that direct
myoblast fusion in Drosophila melanogaster, Genetics 178 (2008) 1371–1383.
58] S. Nagarkar-Jaiswal, S.Z. DeLuca, P.T. Lee, W.W.  Lin, H. Pan, Z. Zuo, J. Lv, A.C.
Spradling, H.J. Bellen, A genetic toolkit for tagging intronic MiMIC  containing
genes, Elife 4 (2015) e08469.
59] B.E. Housden, K. Millen, S.J. Bray, Drosophila reporter vectors compatible with
C31 integrase transgenesis techniques and their use to generate new notch
reporter ﬂy lines, G3 Genes − Genomes − Genet. 2 (2012) 79–82.
60] A.M. Huang, J. Rusch, M.  Levine, An anteroposterior Dorsal gradient in the
Drosophila embryo, Genes Dev. 11 (1997) 1963–1973.
61] M.  Ruiz-Gómez, N. Coutts, Price a, M.V. Taylor, M.  Bate, Drosophila
dumbfounded: a myoblast attractant essential for fusion, Cell 102 (2000)
189–198.
62] O.A. Puretskaia, E.A. Albert, N.V. Terekhanova, Christian Boekel,
Micromanagment of Stem Cell Proliferation by the Drosophila Testis Stem
Cell Niche BioRxiv, 2017.
63] K.M. Gajewski, R.A. Schulz, CF2 represses actin 88F gene expression and
maintains ﬁlament balance during indirect ﬂight muscle development in
drosophila, PLoS One 5 (2010) e10713.
64] C. Consoulas, L.L. Restifo, R.B. Levine, Dendritic remodeling and growth of
motoneurons during metamorphosis of Drosophila melanogaster, J. Neurosci.
22  (2002) 4906–4917.
65] J. Fernandes, K. Vijayraghavan, The development of indirect ﬂight muscle
innervation in Drosophila melanogaster, Development 227 (1993) 215–227.
66] D. Segal, N. Dhanyasi, E.D. Schejter, B.Z. Shilo, Adhesion and fusion of muscle
cells are promoted by ﬁlopodia, Dev. Cell 38 (2016) 291–304.
67] B. Gildor, R. Massarwa, B.-Z. Shilo, E.D. Schejter, The SCAR and WASp
nucleation-promoting factors act sequentially to mediate Drosophila
myoblast fusion, EMBO Rep. 10 (2009) 1043–1050.
68] K.L. Sens, S. Zhang, P. Jin, R. Duan, G. Zhang, F. Luo, L. Parachini, E.H. Chen, An
invasive podosome-like structure promotes fusion pore formation during
myoblast fusion, J. Cell Biol. 191 (2010) 1013–1027.
6  Deve
[
[
[
[
[
[
[
[
[
[
[
[
(2002) 397–409.
[81] W.-D. Chang, W.-S. Huang, C.-L. Lee, H.-Y. Lin, P.-T. Lai, Effects of open and
closed kinetic chains of sling exercise therapy on the muscle activity of the
vastus medialis oblique and vastus lateralis, J. Phys. Ther. Sci. 26 (2014)6 R.D. Gunage et al. / Seminars in Cell &
69] S.K. Doberstein, R.D. Fetter, A.Y. Mehta, C.S. Goodman, Genetic analysis of
myoblast fusion: blown fuse is required for progression beyond the prefusion
complex, J. Cell Biol. 136 (1997) 1249–1261.
70] R. Massarwa, S. Carmon, B.-Z. Shilo, E.D. Schejter, WIP/WASp-based
actin-polymerization machinery is essential for myoblast fusion in
Drosophila, Dev. Cell 12 (2007) 557–569.
71] S. Kim, K. Shilagardi, S. Zhang, S.N. Hong, K.L. Sens, J. Bo, G.A. Gonzalez, E.H.
Chen, A critical function for the actin cytoskeleton in targeted exocytosis of
prefusion vesicles during myoblast fusion, Dev. Cell 12 (2007) 571–586.
72] B. Estrada, S.S. Gisselbrecht, A.M. Michelson, The transmembrane protein
Perdido interacts with Grip and integrins to mediate myotube projection and
attachment in the Drosophila embryo, Development 134 (2007) 4469–4478.
73] M.  Weitkunat, A. Kaya-C¸ opur, S.W. Grill, F. Schnorrer, Tension and
force-resistant attachment are essential for myoﬁbrillogenesis in drosophila
ﬂight muscle, Curr. Biol. 24 (2014) 705–716.
74] P. Tiwari, A. Kumar, R.N. Das, V. Malhotra, K. VijayRaghavan, A tendon cell
speciﬁc RNAi screen reveals novel candidates essential for muscle tendon
interaction, PLoS One 10 (2015) e0140976.
75] M.  Sarov, C. Barz, H. Jambor, M.Y. Hein, C. Schmied, D. Suchold, B. Stender, S.
Janosch, V.V. Kj, R.T. Krishnan, et al., A genome-wide resource for the analysis
of  protein localisation in Drosophila, Elife (2016) 1–38.lopmental Biology 72 (2017) 56–66
76] D. Chaturvedi, H. Reichert, R.D. Gunage, K. VijayRaghavan, Identiﬁcation and
functional characterization of muscle satellite cells in Drosophila, Elife 6
(2017).
77] A. MAURO, Satellite cell of skeletal muscle ﬁbers, J. Biophys. Biochem. Cytol. 9
(1961) 493–495.
78] A.A. Postigo, E. Ward, J.B. Skeath, D.C. Dean, Zfh-1, the drosophila homologue
of  ZEB, is a transcriptional repressor that regulates somatic myogenesis, Mol.
Cell. Biol. 19 (1999) 7255–7263.
79] H. Boukhatmi, S. Bray, A Population of Adult Satellite-like Cells in Drosophila
Is  Maintained Through a Switch in RNA-isoforms BioRxiv., 2017.
80] I.M. Conboy, T.A. Rando, The regulation of notch signaling controls satellite
cell  activation and cell fate determination in postnatal myogenesis, Dev. Cell 31363–1366.
